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The m echanism s that tie the descriptive param eters associated w ith 
delayed onset muscle soreness (DOMS), including an increase in  serum  
creatine kinase (CK) activity, and subsequent dam age to the contractile 
filam ents of the m yofibrils rem ain unknow n. Females exhibit a low er serum  
CK activity post-exercise com pared to males, this was later show n to be the 
effect of the female sex horm one estradiol (E2). The effects of E2 on CK 
release and muscle dam age was assessed in female rats following eccentric 
treadm ill exercise. Female rats were ovariectomized prior to sexual m aturity 
and treated w ith  an E2 (n=5) or placebo (n=4) pellet insert for 21 days prior to 
the exercise bout. Exercise consisted of one hour of dow nhill (-10*) treadm ill 
running  at a speed of 19 m m i n \  Serum samples for CK activity were 
obtained at pre, 0, 2, 6, 12, 24, and 48 hours post-exercise. The soleus muscle 
was prepared  for light and electron microscopy 48 hours post-exercise. CK 
release in the placebo rats was significantly (p<.05) greater than pre CK levels 
at tim es 0, 2, 6, and 24 hours, w ith the peak response occurring at time 0. CK 
release in  E2 rats was significant at time 0, and 2 hours post, w ith  the peak 
response at 2 hours. Placebo rats exhibited greater CK activities at all time 
points except for 2 hours post-exercise. Microscopic dam age was only located 
in two placebo treated animals, therefore it is difficult to speculate as to the 
precise protective mechanisms of E2. The effects of E2 seem to be lim ited to 
CK release and not directly related to that of myofibril dam age. This supports 
the w ork of others w ho have suggested that the blood m arker CK is not 
necessarily a direct m easure of observed skeletal muscle dam age.
u
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C hapter O ne 
INTRODUCTION
The first day of skiing, an  exceptionally long run, hiking in  difficult 
terrain for m any days, first day of lifting weights, doing anything new  and 
unaccustom ed to our bodies and muscles can elicit a response most of us 
have experienced - muscle soreness. Muscle soreness also can occur in elite 
athletes. The m ode of exercise need only be different from  the athletes 
training, for exam ple a trained cyclist going for a long run. It appears that a 
high fitness level is no protection against muscle overuse (Kuipers, 1994).
This may relieve the 'w eekend w arrior' w ho attributes M onday's soreness to a 
failing fitness level. The m echanism  of such a reaction that results in muscle 
dam age and  soreness has been the focus of m any investigators' research.
Many relationships rem ain unclear, and in fact little has been elucidated 
beyond descriptive indices.
A w ide body of literature has been dedicated to describing both acute-, 
and delayed onset muscle soreness (for reviews see A rm strong et. al., 1991; 
A rm strong, 1990; Evans et. al., 1991; 1987). Muscle soreness and dam age can 
be characterized by a num ber of param eters: increased stiffness, electrically 
silent muscle shortening, a decreased range of motion, tenderness, decline in 
force, swelling, u ltrastructural dam age to contractile filam ents, and  release of 
m uscle enzym es into the blood (Kuipers, 1994). The delayed nature of this 
soreness, or delayed-onset muscle soreness (DOMS), has confused
investigators as to its direct cause. Investigators have suggested that the 
soreness is a result of the sum m ation of m any other processes, and cannot 
therefore be a direct result of any one process (Rodenburg et. al., 1993). Thus, 
the only w ell described param eters of muscle include circulating levels of 
muscle proteins, d isrup tion  of muscle fibers, and changes in  voluntary 
strength and contractile properties (New ham  et. al., 1987).
Certain intracellular enzym es found in the blood have been used in 
the diagnosis of m uscular dam age, including creatine kinase, am inoaspartate 
transferase, lactate dehydrogenase, and m yoglobin (Janssen et. al., 1989; 
Balnave and  Thom pson, 1993; A rm strong, 1990; Van der M eulen et. al., 1991). 
Creatine kinase activity in serum  has been used as a diagnostic tool to 
determ ine dam age to heart muscle as well, or m yocardial infarction (Grande 
et. al., 1982). The leakage of these enzymes into the blood occurs as a result of 
dcunage to the m uscle m em brane, or sarcolemma. This m em brane 
d isrup tion  is thought to occur as the result of m uscle dam age, although the 
cause-effect relationship has yet to be determ ined.
The functional contractile filam ents of the skeletal m uscle cell can 
become d isrupted  in  response to exercise-induced muscle dam age. This is 
thought to be the initiating step in cell necrosis, or the degeneration- 
regeneration stage (Arm strong et. al., 1991). As the nam e implies, actual 
dam age to the m uscular architecture can be observed under light or electron 
microscopy (Ogilvie et. al., 1988; A rm strong et. al., 1983). For example, Z 
a n d /o r  A-line patterns can become destroyed resulting in  the loss of
contractile properties for that m uscle cell. The cause of this dam age is 
thought to be a result of the high mechanical forces brought on by 
eccentrically balanced exercise, and exercise of long duration  (Arm strong et. 
al., 1991; A rm strong et. al., 1990; Evans et. al., 1991; Janssen et. al., 1989; 
Evans, 1987). The large tensile forces created during  this type of contraction 
are particularly  efficient at creating ultrastructural dam age. Fewer m otor 
units are recruited during  eccentric contractions com pared to concentric 
contractions of equal force, w hich results in  a greater force per fiber ratio 
(Arm strong et. al., 1983; N ew ham  et. al., 1987; Ogilvie et. al., 1988). These 
high  forces then result in destruction of, or d isruption  to, the norm al 
architecture. It still rem ains unclear how  the sarcolem m a and the contractile 
filam ents relate to each other. The integrity of the sarcolemm a, and thus 
enzym e release, m ay or may not have an effect on d isruption  to the 
contractile filam ents.
One of the m ore interesting factors affecting sarcolem m a disruption  
and  thus enzym e release is gender. Research indicates that females are 
subject to m uch low er basal levels and exercise-induced levels of CK release 
(Shumate, 1979; Thom son and Smith, 1980; Van der M eulen et. al., 1991). It 
was later discovered that this gender difference resulted from  skeletal muscle 
exposure to estradiol, one of the female estrogens (Amelink and Bar, 1986; Bar 
et. al., 1988; Am elink et. al., 1988; Am elink et. al., 1990). Estradiol appears to 
'p ro tec f the m uscle from  enzym e release during  eccentrically balanced 
exercise. This relationship has also been observed w hen male rats were
treated w ith  estradiol over 21 days (Bar et. al., 1988). Similarly, the muscle 
rem ained 'p ro tected ' after treatm ent in  an  in vitro  m odel, elim inating 
central nervous system  effects, differences in clearance by the liver, or effects 
of circulating estradiol (Amelink et. al., 1990). W hat rem ains to be shown is 
how this 'p ro tected ' sarcolem m a translates to the m uscle architecture. There 
seem to be two possibilities: estradiol protects the sarcolemma, and by doing 
so also protects the contractile filaments, or the sarcolemm a integrity is 
unrelated to any resulting ultrastuctural dam age. A previous study by 
Am elink et. al., (1991) suggested that females incur a low er CK response and a 
low er incidence of muscle dam age post-exercise. In contrast. Van der 
M eulen et. al., (1991), suggest that m ales and females incur the same am ount 
of muscle dam age, but that females have a suppressed CK response post­
exercise.
Problem  Statem ent
The purpose of this study is to determ ine the effect of estradiol on the 
exercise-induced release of CK into serum , and histological m uscle dam age in 
rats.
Significance of Problem  
Even w ith  the rather extensive literature base on m uscle dam age, the 
relationship betw een muscle dam age and creatine kinase release, edema, 
contractile filam ent dam age, and DOMS has yet to be determ ined. This study
has p rov ided  additional inform ation about the relationship betw een CK 
release, and contractile filam ent dam age in the presence of estradiol (E2).
This study  has therefore, provided a link betw een the CK release into the 
blood, thus sarcolem m a dam age, and the dam age incurred by the contractile 
fibers of the m uscular architecture. It has helped resolve the discrepancy in 
the existing literature as to how the incidence of CK in the blood directly 
relates to m uscular dam age.
Factors that may alter the serum  CK activity can be im portant in 
clinical situations and are of interest in  disease mechanisms. If E2 protects 
both the sarcolem m a and the fibers from dam age, there m ay be a num ber of 
therapeutic uses. Several m uscular diseases, such as D uchenne dystrophy, 
are characterized by elevated basal CK levels (Shumate, 1979). Horm one 
therapy m ay provide an alternative therapeutic m easure to reduce muscle 
fiber breakdow n.
The E2 m echanism  m ay have an effect on the rate of actin-m yosin 
turnover. Muscle regeneration is dependent on the infiltration of the muscle 
by phagocytes and neutrophils. If the sarcolemm a rem ains intact, this 
regenerative phase may be hindered. Greater m uscular hypertrophy has been 
know n to occur in males. W hether this may be partly explained by the lack of 
the 'protective effect' elicited by E2, rem ains unclear. The decreased potential 
for hypertrophy in females m ay be explained from  a reduced actin-m yosin 
tu rnover due  to the m aintenance of the sarcolemm a. This w ould  im ply that
the m aintenance of sarcolemm a integrity has an effect on m uscle fiber 
regeneration, muscle cell necrosis, and the subsequent hypertrophy process.
The length of treatm ent of E2 required to ensure the 'protective effecf 
on muscle fibers suggests that the mechanism  is m ediated by a steroid 
horm one receptor. Tw enty one days of horm one supplem entation elicited 
the m axim um  effect on enzym e release blockage, w hereas 24 hour horm one 
treatm ent w as ineffective. Further studies could aid in  the understanding of 
how  this steroid horm one affects transcription. If the m echanism  is found to 
be receptor m ediated, the proteins that are involved could be isolated and 
used as another m ethod of treatm ent, or drugs could mimic the E2-receptor 
complex to elicit the desired effect.
A pphed  applications of this research could effect edem a, m uscular 
recovery, and  the im portance of w arm -up and cool-down. Certainly the 
integrity of the sarcolem m a m ust have an effect on edem a or serum  
infiltrates such as m acrophages and other phagocytic cells. W hether this has 
an effect on m uscular regeneration and recovery from  exercise rem ains to be 
seen.
H ypothesis I:
The CK activity in the serum  of the placebo rats w ill be significantly 
h igher than  that of the estradiol treated rats at all time points following the 
eccentric exercise bout.
Justification:
E2 has been show n to decrease the release of CK into serum  following 
an eccentric exercise bout (Amelink and Bar, 1986; Bar et. al., 1988; Shumate, 
1979; A m elink et. al., 1990).
H ypothesis II:
There w ill be a significantly greater am ount of post-exercise contractile 
fiber dam aged area in the soleus muscle of the placebo rats com pared to the E2 
treated rats as evidenced from  light microscopy.
Justification:
This controversial relationship has yet to be determ ined. Am elink et. 
al., (1991) found a higher incidence of histological dam age in males versus 
females following exercise. Conversely Van der M eulen et. al., (1991) saw 
identical am ounts of dam age betw een males and females.
L im itations
1. The sam ple size w as not optim al for the purpose of statistics due to the 
involved handling  of the biological m aterial.
2. Tissue sam ples were only obtained at 48 hours post exercise.
3. Only fem ale rats ovariectom ized before sexual m aturity  w ere used in the 
study.
4. Electron microscopy to examine sarcolenuna integrity was lim ited to a 
portion  of the experim ental and control rats in  the experim ent due to cost.
D elim itations
1. A lthough anim al m odels have been show n to exhibit sim ilar responses to 
exercise, the application to hum ans w ill still need to be shown.
2. M orphological studies were not com pleted on entire muscle sam ples due 
to tim e and m anpow er lim itations.
3. Q uantification of histological studies was done in a systematic yet 
som ew hat subjective m anner.
D efin ition  of Terms
1) A hne d isrup tion : The A line (or band) is the distance equal to the length 
of the m yosin filam ent w ith in  the sarcomere. The length  of the A line does 
not change during  contraction. After d isruption  the A line distance increases, 
thus not allow ing effective contact betw een heavy, and light chains. It can 
appear under light microscopy as a "sm earing" of the ultrastructure. This is 
the result of high forces placed on the contractile unit during  eccentrically 
balanced exercise.
2) Creatine kinase (CK): A cytosolic enzym e found in  m any tissues. One of 
its isozym es is found prim arily  in  skeletal muscle. It catalyzes the reaction:
CK
phosphocreatine + ADP ___________________  ̂ ATP + creatine
It serves as a m arker of muscle dam age, increasing in the serum  following 
intense exercise.
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3) Concentric contraction: The shortening of the muscle to opposing forces 
caused by the overlapping of the m yosin and actin myofilaments.
4) DOMS: D elayed onset muscle soreness is the result of eccentrically 
balanced unaccustom ed exercise w hen peak soreness is reached 2-4 days 
afterw ard.
5) Eccentric contractions: M uscular contractions opposing forces, often called 
the lengthening, or negative part of a contraction.
6) Estradiol (E2): One of three estrogens produced by the ovaries in female 
m am m alian species. Its target organ is norm ally the uterus, and other 
secondary sex organs. Estradiol has been show n to have an effect on other 
tissues including skeletal muscle which contains a cytosolic receptor specific 
to estradiol.
7) Estrogens: A group of 18-carbon steroids secreted prim arily by the ovary 
and, to a lesser extent, the adrenals in females and by the adrenals and testes 
in  males. They are responsible for differential secondary sexual characteristics 
am ong m ales and females and m aintenance of the females reproductive 
organs. The major estrogen is estradiol (E2), w hile other less potent estrogens 
include estrone (El) and estriol (E3) (Bunt, 1990).
8) O variectom y: The surgical removal of the estrogen producing ovaries, as 
well as the u terus in  the female.
9) Sarcolem m a: The specialized plasm a m em brane of skeletal muscle cells.
It is thought to become d isrupted  during  intense exercise allowing 
intracellular enzym es (CK) to leak into the serum.
10) z  line stream ing: The result of h igh tensile forces on the contractile 
units of m uscle cells. The once distinct vertical Z line w ith in  the sarcolemm a 
becomes fuzzy, and often disappears.
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C hapter Two 
REVIEW OF LITERATURE
M uscle dam age and  DOM S
Skeletal muscle reacts to intense unaccustom ed exercise in a num ber of 
ways: creating localized soreness, both acute and delayed, edem a, structural 
dam age to the muscle cell, enzyme release into the blood, and a possible loss 
of contractility. These descriptive indices have been thoroughly studied, yet 
the underly ing  m echanism  of how  the exercise actually causes the muscle 
dam age, how  these resulting param eters relate to each other, and how  this 
m ay cause soreness is not fully understood.
The study of muscle dam age began at the tu rn  of the century, w hen it 
was suggested that soreness resulted from  ruptures w ithin the muscle 
(Hough, 1902). This phenom ena was dism issed for decades until the interest 
increased dram atically in the 80's and early 90's (for reviews see Kuipers, 1994; 
A rm strong et. al., 1991; A rm strong 1990; Evans 1991; Clarkson 1992). The 
initial th rust of the interest lay in discovering the cause of delayed-onset 
muscle soreness. DOMS is the m uscular soreness resulting from  an 
eccentrically balanced exercise bout. It is "delayed " because the peak soreness 
is usually  felt 48 to 72 hours post-exercise (New ham  et. al., 1987; Rodenburg 
et. al., 1993; Rodenburg et. al., 1994; H agerm an et. al., 1984; Balnave and 
Thom pson, 1993). Investigations centered around correlating a time course of 
DOMS w ith  that of one of the morphological, biochemical, or functional
changes resulting from  muscle dam age. If one of these changes occurred, or 
precedes the tim e course w ith the onset of m uscular soreness, a cause effect 
relationship could be established. DOMS has yet to be highly correlated to any 
m orphological, biochemical or functional change w ith in  the muscle. Initially 
DOMS w as thought to be a direct result of the structural dam age induced on 
the muscle cell (Clarkson et. al., 1986). However, the exact m echanism  by 
w hich the m uscle dam age results in  soreness and w hy the pain  is delayed in 
nature has yet to be completely answered. Rodenburg et. al., (1993) studied 
the biochem ical and functional outcomes of muscle dam age in  an attem pt to 
predict other outcom es by only m easuring one param eter. Little correlation 
betw een DOMS and CK, myoglobin, and m aximal force was found. This was 
partially attributed to the qualitative nature of the soreness scale the subjects 
used to quantify DOMS. A n example of the soreness scale used by Rodenburg 
et. al., (1994):
0 - no soreness 
1 - dull feeling of soreness
2 - light continuous soreness
3 - m ore than light soreness
4 - annoying soreness 
5 - very sore 
6 - intolerable soreness
Subjects w ere allow ed to score in half points. Soreness scores w ere also 
obtained upon  palpation. Individual differences and perceptions of pain  can 
create a w ide variance in these scores. The low correlation betw een DOMS 
and other outcom es of eccentric exercise suggest that some care m ust be taken 
in using any soreness scale. The probable conclusion from  this w as that
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DOMS is the result of several factors each w ith their ow n tim e course, the 
sum  of w hich results in the unique time course for DOMS. The authors thus 
suggest that m easurem ent of functional and biochemical m easures is to be 
preferred above m easurem ent of DOMS w hen one plans a study to 
investigate w hether differences exist betw een groups.
Even w ithout a clear definition of the cause-effect relationship of 
DOMS and other param eters of muscle dam age, there seems to be a consistent 
response to certain exercise stimuli. One of the first suspects in the cause of 
DOMS is the m ode of exercise. It was found that exercise w ith a large 
eccentric com ponent was particularly efficient at creating both DOMS and 
muscle dam age (Arm strong et. al., 1983; Friden et. al., 1983; N ew ham  et. al., 
1987; Evans et. al., 1991; Ogilvie et. al., 1988). Due to the high tensile forces 
created during  eccentric exercise, it is particularly efficient at creating muscle 
dam age. Eccentric contractions of skeletal muscle are unique in  that they 
produce great force w ith  a m uch low er metabolic cost than concentric 
contractions. W hen a w eight is lifted muscles contract and shorten to 
produce the required force. W hen the same weight is low ered, the force is 
generated by the muscles as they lengthen (Evans et. al., 1991). Evans et. al., 
(1991) also discovered that eccentric exercise had a ~4 fold reduction in 
metabolic cost, yet w as m uch more likely to result in muscle dam age and 
subsequent DOMS. O ther studies have also discovered that equal bouts of 
concentric or eccentric work, balanced by force production, w ere not equal in 
the resulting muscle dam age. Eccentric contractions w ere found to create
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m ore m uscle dam age (Evans, 1987; Clarkson et. al., 1986; N ew ham  et. al., 1987; 
Rodenburg et. al., 1994; A rm strong et. al., 1983; H agerm an et. al., 1984; 
A rm strong, 1990). This reduces the possibility that a reduction in  metabolic 
capabilities is a contributing factor to muscle dam age and DOMS (Armstrong 
et. al., 1983). The result of this disproportionate increase in  m uscle dam age 
w ith  eccentric exercise and its direct correlation w ith DOMS is not clear. 
H ow ever, it has become the m ethod of choice for studying the 
phenom enology of these conditions. Therefore the m echanism  by which 
eccentric exercise creates muscle dam age is unclear, yet w e can see the results 
w ith  the aid of light and  electron microscopy in  the contractile fiber damage. 
H istological Damage
M orphological dam age to skeletal muscle is defined as microscopic 
rup tures or tears in the contractile filam ents (H agerm an et. al., 1984). 
A rm strong (1990) suggests that this ultrastructural dam age is the initial event 
after exercise that stim ulates the degenerative processes that may lead to 
DOMS. M echanical forces result in d isruption of the actin-myosin 
architecture. Two typical responses to these high mechanical forces are Z-line 
stream ing and A -band d isruption  (M anfredi et. al., 1991; A rm strong et. al., 
1983; Staron et. al., 1992; Am elink et. al., 1991; Ogilvie et. al., 1988). These 
d isruptions in the skeletal muscle structure are thought to be a direct result of 
the h igh  m echanical forces created during  eccentric exercise. This led to the 
theory that the areas m ost likely to incur dam age are the w eakest link in the 
m uscle architecture (Friden et. al., 1981, A rm strong et. al., 1991). N ew ham  et.
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al., (1987) then  took this a step further and suggested that these "w eak links" 
w ere the apparen t cause of the confusing training effect of eccentric exercise.
It has been observed that as few as one exercise bout is capable of reducing the 
enzym e efflux du ring  subsequent bouts of sim ilar exercise (Evans, 1987; 
N ew ham  et. al., 1987; Donnelly et. al., 1992; Balnave and Thom pson, 1993). 
N ew ham  et. al., (1987) suggest that these w eak areas are dam aged and repaired 
then less susceptible during  subsequent bouts of eccentric exercise. This 
training effect w ill be discussed in further detail later.
Sarcolem m a D am age
A significant correlate to the m echanical d isruption  of the contractile 
architecture is the disruption  of the sarcolemma. At first, the disruption  of 
the m uscle cell m em brane w as thought to correlate w ith the mechanical 
d isrup tion  of the contractile fibers, bu t recent investigations have challenged 
this proposal (Van der M eulen et. al., 1991). A strong correlation is, however, 
expected betw een sarcolem m a d isruption  and intracellular enzym e release 
into the blood, for this is the only mode of passage for these large, charged 
proteins. Surprisingly, studies have found that enzym e release can be 
evident w ith  or w ithout m orphological dam age, and that a proportional 
increase in enzym e release does not consistently result in corresponding 
increases in fiber dam age (Kuipers, 1994; Van der M eulen et. al., 1991). 
A lthough the cause of sarcolem m a d isruption  rem ains questionable, it does 
appear as a direct result of the muscle dam age process.
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Enzym e Release
The release of m yocellular enzym es into the blood as the result of 
sarcolem m a d isrup tion  is generally perceived as an indication of muscle 
dam age (Evans and Cannon, 1991). Enzymes typically assayed include CK, 
aspartate am inotransferase (AST), m yoglobin (Mb), and lactate dehydrogenase 
(LDH) (Am ehnk et. al., 1988; Van der M eulen et. al., 1991; Balnave and 
Thom pson, 1993; A rm strong et. al., 1983; Rodenburg et. al., 1993; Bar et. al., 
1988). AST activity in the serum  following exercise w as found to increase, but 
the m agnitude of that increase does not lend itself to accurate determ inations 
(Amelink et. al., 1988; Van der M eulen et. al., 1991). Mb is a sensitive m arker 
of muscle dam age, thought to be a result of its low er m olecular w eight (18k) 
com pared to the other enzym es (CK=80k) (Balnave and Thom pson, 1993). 
G radations of sarcolem m a rup tures w ould allow sm aller proteins to pass 
th rough the m em brane m ore easily during  this initial process. This is 
illustrated by the fact that Mb release has a distinct pattern; it reaches a peak of 
release at -4  hours post exercise (Balnave and Thom pson, 1993). Its 
m agnitude of release is also sm aller than  that of CK. Because it does not have 
different isozymes specific to skeletal muscle, like CK and LDH, it is more 
difficult to determ ine the source of the release. CK and LDH have this 
advantage of being able to pinpoint the tissue of release by assaying for the 
specific skeletal muscle isozyme. Amelink et. al., (1988) and Miles and 
Schneider (1993) both isolated the CK skeletal muscle isozyme to be the cause 
of the increase in  total CK activity following intense eccentric exercise.
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Because of CK's sensitivity of response (upw ards of 350% over baseline), ease 
of determ ination, and ability to pinpoint the tissue of release, it has been 
accepted as the best m arker for sarcolemm a disruption  due to m uscle dam age.
The large increase in CK, and relative ease of m easurem ent in the 
blood following m uscle dam aging exercise has m ade it a useful tool in the 
study of this phenom enon. It has other diagnostic uses as well. Clinicians 
have long been using CK release to clarify the incidence of m yocardial 
infarctions (G rande et. al., 1982). It has a dose response relationship, again 
lending itself as a useful diagnostic tool. Elevated basal levels are often used 
to p inpoint carriers and early suffers of m any m uscular diseases such as 
Duchenne dystrophy (Shumate et. al., 1979). CK release has a far-reaching 
influence, its m ode of release following exercise may be the m odel by which 
m any fields are affected. The m odel that best lends itself to the future 
investigation of this phenom ena is exercise-induced muscle dam age.
Factors Effecting Enzym e Release
As m entioned earlier, CK release increases disproportionately w ith an 
increase in exercise tim e (Van der M eulen et. al., 1991; Janssen et. al., 1989). 
This relationship can be expected since sarcolemm a disruption  w ill increase 
over time, and the additive effect of increasing dam age w ill result in  a 
disproportionate increase in muscle dam age. The reason CK release responds 
m ore readily  to eccentric versus concentric contractions rem ains unclear.
This answ er m ust lie in the m echanism  of the sarcolem m a d isrup tion  which 
is not yet understood. It is know n that eccentric contractions generates greater
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in tram uscular pressure com pared to concentric exercise (Evans and Cannon, 
1991). Eccentric contractions also have a different integrated electrom yograph 
(lEMG) than  concentric exercise (Evans and Cannon, 1991). The lEMG 
response for eccentric contractions is smaller and does not increase w ith the 
increasing force production that is seen in concentric contractions. Most 
significantly, N ew ham  et. al., (1983) found that fewer m otor units were 
recruited during  eccentric exercise, and that unlike concentric contractions, 
the lEMG rose progressively during  exercise. They sum m ized that greater 
tension is created per muscle fiber. A lthough relatively few num ber of fibers 
were recruited, large forces were produced. These extreme forces per fiber 
result in  extrem e in term uscular pressure exerted on the sarcolem m a and may 
influence patterns of enzym e release.
The Training effect' is a reduction in CK release and DOMS during 
subsequent bouts of eccentric exercise. The training effect that is seen in the 
reduction of CK release can be caused by a single bout of exercise (Byrnes et. 
al., 1985; N ew ham  et. al., 1987; Evans, 1987; Donnelly et. al., 1992; Balnave and 
Thom pson, 1993). N ew ham  et. al., (1987) suggested three possible 
explanations for the training response. 1) There may be a change in the 
m otor un it recruitm ent pattern. Subm axim al eccentric contractions may 
allow other fibers to be preferentially recruited later on. As discussed above, 
the lEMG of eccentric contractions is less than  concentric, possibly reserving 
m otor units for recruitm ent during  subsequent contractions. 2) There may 
be some adap tation  in the muscle fibers that m akes them  resistant to the
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dam aging effects of eccentric exercise. 3) As m entioned earlier eccentric 
contractions m ay preferentially dam age w eak fibers nearing the end of the 
cycle of grow th  and replacem ent. Therefore, a large am ount of DOMS, loss of 
force, and  rise in  serum  CK activity w ould occur only after the first exercise 
bout, bu t w ould be absent after this initiating exercise (Armstrong, 1984; 
Friden et. al., 1983). N ew ham  et. al., (1987) used m aximal contractions to 
elim inate the possibility that a change in m otor unit recruitm ent w as the 
cause for the reduction in CK release. Changes in strength and contractile 
properties w ere also m onitored. A near abolishm ent of serum  CK levels 
occurred after the initial bout of exercise, and no CK release was seen in 
subsequent bouts, indicating a change in the sarcolemm a d isrup tion  
m echanism . DOMS and m axim al voluntary contractile force, however, only 
progressively dim inished w ith each ensuing exercise trial. From this data the 
investigators support the theory proposed by A rm strong (1984), and Friden et. 
al., (1983) that suggests a population of weak fibers prone to necrosis are 
elim inated during  initial bouts of exercise, thus leaving the sarcolemm a 
m ore resilient.
G ender D ifferences
One of the m ost interesting factors affecting sarcolemm a disruption  
and CK release is gender. Females exhibit m uch low er CK release following 
eccentrically balanced exercise com pared to males. This gender difference was 
first described by Shum ate et. al., (1979); they found a difference in both 
resting and  post exercise levels of CK. Basal levels of CK were ~2 fold less in
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females, w hile post exercise levels w ere -7  fold lower. D epending on activity 
level, resting levels of CK have been show n to vary am ong individuals. 
N evertheless, fem ales tend  to oscillate at low er circulating levels (Staron et. 
al., 1992; Van d er M eulen et. al., 1991). This relationship has been illustrated 
by m any investigators (Bar et. al., 1985; Am elink et. al., 1988; Staron et. al., 
1992; Van der M eulen et. al., 1991). Van der M eulen et. al., (1991) suggested 
that females possess a greater ability to clear CK from  the serum. The hepatic 
portal system  acts as the clearing m echanism  in both males and females. This 
hypothesis w as based on three observations, lack of histological dam age 
difference betw een the sexes, a m easured difference in CK clearance, and a 
lack of difference in skeletal muscle content of CK in males and females. The 
m ethod of m easurem ent for the CK clearance is questionable for they d id  not 
norm alize for the resting values, w hich are generally low er in females. Also 
the male female difference in clearance w as small, and even the authors 
suggest that it can only partially explain the difference in  serum  CK activities 
betw een genders. Am elink et. al., (1990) were able to reproduce the gender 
difference using an in vitro preparation suggesting that CK production, and 
not an increase in  clearance accounts for the sex-linked variation. In another 
article, A m elink et. al., (1988) dem onstrated that the skeletal muscle contents 
of the CK isozym e w ere identical in the liver, soleus, extensor d ig itorum  
longus, and rectus abdom inis muscles in both m ales and females. In this 
same study  they w ere still able to reproduce the gender difference in  serum
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CK activities. Clearly there is an underlying mechanistic gender difference 
w hich is som ehow  protecting the sarcolem m a of the female skeletal muscles.
A nother m echanistic hint w as based on observations that pregnant 
females w ere less susceptible to CK release following exercise than  both males 
and nonpregnant females (Thom pson and Smith, 1980). It also appears that 
resting CK levels in  pregnant D uchenne m uscular dystrophy carriers is 
m arkedly reduced (Blyth and Hughes, 1971; Emery and King, 1971). The 
horm onal surge that accompanies pregnancy was then thought to play a role 
in this "protective m echanism ". Estrogens were logically targeted as they are 
prim arily  responsible for the m aintenance and developm ent of the entire 
female reproductive tract, and incur the largest increases during  pregnancy.
Initially it was found that the presence of estrogen, or estradiol (E2) the 
m ost reactive of the three estrogens, can m arkedly reduce the release of 
in tracellu lar p ro tein  from  the erythrocytes of w om en (Thom son and Smith, 
1980). A m elink and Bar (1986) who have done the majority of w ork in this 
area, fu rther solidified this theory through some clever experim ents. In these 
experim ents males exhibited a m uch greater CK release post-exercise, an 
increase of 335% above resting value, while no change w as seen in females.
In the sam e study they looked at the CK release of horm onally m anipulated 
rats. Four groups of rats were studied, males, females, ovariectomized- 
fem ales-before-sexual-m aturity (OBSM), and ovariectom ized-fem ales-after- 
sexual-m aturity (OASM). The pattern  of CK release from  these four groups 
w as unequivocal. (See Table 1)
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Table 1: Postexercise serum creatine kinase activities (U/1) in the rat.
Adapted from Amelink and Bar, 1986.
Tim e (h) M ales Fem ales OBSM OASM
0 67.4 51.5 96.6 54.0
2 226 50.1 265 121
8 58.3 39.6 57.6 49.8
26 59.8 39.0 60.0 53.3
50 81.3 53.0 76.0 103
Males and  OBSM females had a 335% and 275% increase in CK activity 
respectively following exercise. OASM females show ed a m ore m oderate 
225% increase. N orm al females show ed no increase in  postexercise CK 
levels. The preexercise levels of these groups were interesting as well. The 
OBSM females had  significantly higher preexercise levels than  both  the 
females and OASM females. The m ales had m oderately high levels between 
those of OBSM, and norm al females. The authors suggest that a long lasting 
effect of estrogen on the muscle m em brane som ehow protects it from the 
dam aging effects of exercise. In the case of the OBSM females illustrates that 
this protective effect can be rem oved.
In a follow-up study Bar et. al., (1988) more clearly dem onstrated 
estrogen as the source of the protective effect on muscle dam age in  females. 
They again used OBSM females, and intact males and females. In this study 
how ever they used direct horm one replacem ent as a m eans to see if the effect 
is recoverable in either the OBSM females or males, (see Table II)
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Table 2: Post exercise CK activities (U/1) in different hormonally
manipulated rats. Adapted from Bar et. al., 1988.
G roup Before After 0 hr After 2 hr E2 (p m o l/1)
Fern 52 50 46 N.A.
Ovx 78 314 125 <10
Ovx ■+■ E2 48 88 52 1048
M ale 83 314 111 <10
Male 4-  E2 79 92 70 554
A 390% increase in  CK levels w as seen following exercise in both the males 
and OBSM females. The intact females again showed no post-exercise 
increase. The estrogen treatm ent caused a reduction in the basal CK levels in 
the males and  OBSM females, as well as nearly abolishing any post-exercise 
rise. The authors w ere able to reproduce the protective effect of estrogen on 
m uscle dam age in male rats, indicating that males also possess the necessary 
secondary players in this unknow n mechanism. An interesting subproblem  
of this study was the tim e dependence of the horm one replacem ent. The 
duration  of E2 treatm ent varied from  1 hour to 21 days. The effect of 1 hour 
treatm ent on post-exercise CK was not significant. Although, the 24 hour and 
7 day treatm ents w ere significant, the greatest reduction in post-exercise CK 
release w as seen in  the 21 day E2 treated rats. This implies a delayed 
m echanism  by w hich the E2 relays the protective effect on the sarcolemma.
Steroid horm ones have a specific m echanism  by w hich they induce the 
desired  changes in the target tissue. Unlike other horm ones w hich bind an
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extracellular receptor inducing intracellular changes by m eans of second 
m essengers, hydrophobic steroid horm ones are free to pass th rough  the 
plasm a m em brane of cells. They then bind their intracellular cytosolic 
receptors w hich allow  them  to pass into the nucleus of the cell. Once here 
they b ind  specific codons on the DNA "turning on" genes that eventually 
accelerates pro tein  synthesis of certain targeted proteins. The effect of the 
steroid horm one m echanism  is thus long term , increasing the am ounts of 
certain functional proteins. Estradiol has a specific receptor found mainly in 
the reproductive tissues of the female. This same receptor has been identified 
in the skeletal muscles of females and males (Dahlberg, 1982). The delayed 
time it takes for estradiol to induce the protective effect on the sarcolemma 
indicates that the m echanism  is m ore than likely receptor-m ediated. A direct 
physical-chem ical interaction betw een estradiol and the sarcolemm a is 
possible yet less likely.
A m elink  et. al., (1988), further dem onstrated that m ales and females 
contained the same relative am ounts of skeletal muscle CK isozyme. This 
elim inated the possibility that even w ith rats of the same w eight the E2 was 
not influencing the expression of the CK gene, and thus resulting in a 
difference in absolute am ounts. They also found that the skeletal muscle 
isozym e w as the cause of the increase in total serum  CK levels following 
intense exercise. This elim inated contributions from the stress possibly pu t 
on the liver, brain  and heart, in  response to treatm ent or exercise.
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As previously discussed, the causative factors of muscle dam age may 
alter the m otor un it recruitm ent. This m echanism  m ay further explain the 
train ing effect. A m elink et. al., (1990) addressed this and other issues using an 
in vitro  ra t skeletal muscle preparation. In an isolated muscle, the effect of a 
difference in  the central nervous system  functioning is elim inated. Electrical 
stim ulation w as used to mimic exercise, causing the desired  stress on the 
sarcolemma. They w ere able to exhibit the same gender differences in the 
isolated preparations that were seen in situ. This elim inates the effect of the 
central and peripheral nervous systems, circulating E2, or other secondary 
effects. The investigators concluded that the m echanism  by w hich E2 
influences the sarcolem m a has left its m ark on the muscle, and cannot be 
rem oved. O variectom ized females and intact males again show ed large CK 
increases in response to exercise. This post-exercise increase was blocked in 
these sam e rats w ho received long duration  horm one treatm ent. A 24 hour 
treatm ent of estradiol d id  not induce the protective effect. In a pilot 
experim ent, the investigators attem pted to induce the protective effect by 
bathing the isolated m uscle in an  estradiol solution. This preparation failed 
to block the post-exercise increase in CK, again supporting the receptor 
m ediated  m echanism  versus the physical-chemical interaction directly w ith  
the sarcolem m a.
Follow ing logical progression, these investigators then tried to block 
this protective m echanism  w ith  a know n E2 receptor antagonist, tam oxifen 
(Koot et. al., 1991). Rats received 3 weeks of tamoxifen treatm ent, followed by
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in vitro  electrical stim ulation to mimic sarcolem m a dam aging exercise. The 
tam oxifen antagonist effects on target tissues was evidenced by the m arked 
reduction in  u terine w eight. This occurred as a result of the antagonistic 
effect tam oxifen exerts on the E2 receptor in  the target tissues. H ow ever, in 
skeletal muscle, tam oxifen w as found to mimic E2's protective mechanism, 
acting as an E2 agonist. In both males and females, a reduction in postexercise 
CK release w as observed w ith  tam oxifen treatm ent. Some unexplained 
mechanistic difference is thus causing tamoxifen to act as an  antagonist in the 
target tissues, and as an agonist in  skeletal muscle. The authors proposed a 
m echanism  w hich suggests in  target tissues tam oxifen requires a antiestrogen 
binding  site in  conjunction w ith the E2 receptor to induce the antagonist 
effects. In skeletal muscle, this anti estrogen binding site is absent, allowing 
tam oxifen to b ind directly to the E2-receptor and cause the observed agonist 
effects. This hypothesis is supported by the identification of the E2-receptor in 
skeletal muscle. The E2-receptor isolated in skeletal muscle is identical to that 
of the E2-receptor in  classical target tissues (uterus, ovaries) (Dahlberg, 1982). 
The antiestrogen binding site was discovered to be less ubiquitous. It is found 
in rat u terus, ovaries, liver, kidney, spleen, brain, and colon, bu t only in 
negligible am ounts of the skeletal muscle, heart and serum  (Sutherland et. 
al., 1980; Sudo et. al., 1983).
An alternative explanation for the unexpected agonist effects of 
tam oxifen protection of the sarcolemm a is a different receptor altogether.
The authors neglected to m ention that E2 has been show n to up  regulate the
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synthesis of the progesterone receptor in  certain tissues (Sadovsky et. al., 1993; 
M oudgil, 1985). Progesterone receptor is found in m any types of sm ooth 
m uscle (Zhuang et. al., 1993; M oudgil, 1985); its incidence, however, in 
skeletal m uscle is not known. The antiestrogen, tamoxifen, has been show n 
to not directly b ind  the progesterone receptor (Borras et. al., 1994); yet it does 
seem  to have a proliferating effect on the expression of this receptor (Laugier 
et. al., 1991). This m echanism  is a possibility however, and should not be 
ignored.
M uscle dam age and  Enzyme Release
The m echanism  by w hich E2 protects the sarcolem m a is still unclear. 
The integrity of the sarcolemm a seems to som ehow be preserved. It has not 
been show n w hether E2 also protects the muscle from  ultrastructural damage. 
It has also to be determ ined w hether the protection m echanism  is m ediated 
th rough  a receptor-m ediated process, or through some physical-chemical 
interaction of E2 w ith  the sarcolemma. If the m echanism  is m ediated 
th rough  the interaction of the steroid horm one-receptor complex, then the 
proteins that are regulated w ill be im portant in the m echanism  of protection. 
These proteins may then  become im portant in the clinical treatm ent of many 
m uscular diseases tha t are characterized by elevated plasm a proteins.
Several studies have m ade reference to the notion that E2 can or 
cannot sim ultaneously protect the ultrastructure of the contractile filaments, 
and the sarcolemm a. N ew ham  et. al., (1987) first suggested that CK release 
does not correspond w ith  m uscular pain, DOMS or (hypothesized) structural
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dam age. They claim  that even though subsequent bouts of dam age do not 
elicit a CK response, pain  and DOMS are only reduced in  a stepw ise m anner, 
indicating to these authors that the CK response and structural dam age are 
m utually  exclusive. Janssen et. al., (1989) and Van der M eulen, et. al., (1991) 
both supported  this idea by directly showing a gender difference in CK 
response, but a less pronounced difference in fiber dam age betw een the sexes. 
Van der M eulen, et. al., (1991), saw a gender difference in  the CK release, but 
no noticeable difference w as show n in microscopic analysis of muscle 
infiltrates betw een the sexes. Cross sections (which make it difficult to 
observe A and Z line disruptions) of the muscles were taken, m ultiple 
vacuoles plus the infiltration by inflam m atory cells w ere used as the criteria 
for m uscle dam age. The inflam m atory response may or m ay not be directly 
related to d isruptions in  the contractile filaments. Predictions of muscle 
dam age from  the CK release were m ade by these authors and found to be 
large overestimates of the actual fiber dam age. Janssen et. al., (1989) was also 
able to elicit a gender difference in the am ount of CK release during  longer 
runn ing  events. This was significant even considering the difference in 
muscle size betw een genders. In a corresponding article Kuipers et. al., (1989) 
show ed that in both  female and male participants the pathological changes 
w ere sim ilar in  nature and frequency. Arm strong et. al., (1983) w ere 
successful at creating a CK response w ithout inducing any significant 
am ounts of m uscle dam age. Again indicating that sarcolemm a perm eability 
and  fiber dam age are tw o separate mechanisms, both influenced by exercise
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bu t som ehow  m utually  exclusive. M anfredi et. al., (1991) saw  elevated CK 
release in  tw o groups of men, young and older. CK response was sim ilar 
betw een the groups, w hereas ultrastructural dam age to the fibers was much 
higher in the older men. The authors suggest that the post-exercise rise in CK 
activity is a m anifestation of muscle dam age but not a direct indicator of it.
A m elink et. al., (1990) and Amelink et. al., (1991), how ever tend to 
disagree. In A m elink et. al., (1991) virtually no CK release or histological 
dam age occurred in the female rat after an exercise bout. Males meanwhile 
expressed a greater than  3-fold increase in CK activity, and a significant 
increase in the total d isrupted  area of histological damage. It may be 
im portant to note that these investigators quantified the muscle dam age from 
both cross and longitudinal sections. In another study Am elink et. al., (1990), 
treated  m ale rats w ith  dantrolene sodium , a muscle relaxant that also seems 
to protect the sarcolemm a. W ith the introduction of dantrolene sodium  they 
w ere able to both m arkedly decrease the CK release and significantly reduce 
histological muscle dam age. The m echanism  by w hich the dantrolene 
sodium  protects exercise-induced muscle dam age is unknow n but thought to 
be sim ilar to that of E2. The authors propose that the dam age to the 
sarcolem m a that results in CK release eventually, 48 hours later, also causes 
the dam age to the contractile filaments. This is thought to occur by the 
calcium  influx mechanism. This is described by A rm strong et. al., (1991) as 
the calcium  overload phase. W hen the sarcolem m a becomes dam aged, 
calcium  is allow ed to flow dow n its electrochemical gradient into the cell. If
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the calcium  influx overw helm s the cells norm al exclusion pum ps the injury 
becomes 'irreversible '. A large rise in  intracellular calcium activates a 
num ber of calcium -dependent proteolytic and phospholipolytic pathw ays that 
are indigenous to the muscle fibers, which degrade structural and contractile 
pro teins and  m em brane phospholipids. Even w ith  this theory in m ind it still 
rem ains unclear w hether enzym e release and histological dam age are directly 
correlated. Therefore, increases in  plasm a CK activity do not always reflect 
structural dam age to the fiber contents (Kuipers, 1994).
H um an  an d  A nim al M odels
D uring  this discussion of the literature, the research m odels have not 
been discussed. Of the studies m entioned, both rat and hum an m odels have 
been used. A ll of the phenom enology discussed has been show n in  both of 
the m odels. DOMS studies were perform ed on hum ans using a 7 or 10 point 
scale to quantify soreness and pain  (Newham  et. al., 1987; Rodenburg et. al., 
1993; Evans, 1987; H agerm an et. al., 1984; Balnave and Thom pson, 1993). 
H istological studies have been done on both  m odels and evidence of Z-line 
stream ing and A-line d isrup tion  have also been dem onstrated in both.
Staron et. al., (1992) found that successive biopsies can greatly affect focal 
dam age to the muscle, m aking the technique less than optim al for 
histological studies on hum ans. For this reason, m ost histological studies of 
muscle dam age are done in the rat (Ogilvie et. al., 1988; A rm strong et. al., 
1983). Regardless, the changes in the muscle architecture as the result of 
eccentric exercise are assum ed to be similar.
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Enzyme release in the rat and hum an does differ slightly, (see Figure 1) 
The difference resides in the time of peak CK activity following the exercise 
bout. Rats tend to have a peak in  CK activity im m ediately following the 
exercise, from  0 to 2 hours (Van der M eulen et. al., 1991; A rm strong et. al., 
1983; A m elink and Bar, 1986; Am elink et. al., 1988; Bar et. al., 1988).
Figure 1: CK release in rats and hum ans. A dapted from  A rm strong, (1990)
adapted  from Rodenburg et. al., (1993)
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A rm strong et. al., (1983) also dem onstrated a second peak of release later at 36 
hours post exercise in the rat. However, this second peak was only 
dem onstrated as a result of dow nhill running. Level running  show ed a less 
severe initial peak w ith  no evidence of a later rise in enzym e release. This 
second rise in CK activity corresponds w ith the peak seen in  hum an serum  
follow ing exercise. This initial acute stage of enzym e release difference in the 
hum an and ra t has been proposed as the difference in sedentary rats kept in 
cages and  com paratively m ore active hum ans (Amelink and Bar, 1986). This 
difference is m ost likely a result of the strong relationship between duration 
and intensity of exercise, and the subsequent CK leakage from  muscle 
(Am elink and Bar, 1986). The hum an CK response to exercise is significant 
bu t delayed from  48 hours to 12 days (Rodenburg et. al., 1993; Donnelly et. al., 
1992; N ew ham  et. al., 1987; Balnave and Thom pson, 1993).
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CONCLUSIONS
It is apparen t that E2 has an effect on the sarcolemm a integrity during  
exercise induced m uscle dam age. However, data from  previous research 
contains conflicting results. The sarcolem m a protection has been seen to 
result in  a low er am ount of histological dam age by some investigators 
(Am elink et. al., 1990; A m elink et. al., 1991), and no significant difference in 
others (Van der M eulen et. al., 1991; Janssen et. al., 1989; Kuipers et. al., 1989). 
This study w as undertaken to contribute to the literature by establishing a 
relationship betw een sarcolem m a integrity and contractile filam ent dam age.
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C hapter Three 
METHODOLOGY
A n im a ls
Fem ale Spraque Dawley (Simonsen D istributors, Bozeman, M ontana) rats 
ovariectom ized before sexual m aturity (25 days old) w ere used in  all the 
experim ents. A ll rats w ere obtained at 6 weeks of age. One w eek was 
allow ed for the rats to become accustomed to their surroundings. A w eight 
record w as begun  im m ediately in order to m onitor w eight gain and to aid in 
spotting health  problem s. W eight gain and loss during  horm one treatm ent 
w as m onitored. Anim als were housed in an N IH  approved facility at the 
U niversity of M ontana, Pharm acy building, room  OOOP. Rats were given a d 
lib itu m  food and water.
Hormone replacement
Ten rats w ere d iv ided into tw o groups: control and experim ental. Three 
weeks p rior to the exercise trial, rats were subcutaneously im planted w ith 
17B-estradiol containing pellets (0.05 mg pellet \  3 week release) (experimental 
group), or placebo pellets (control group) using a stainless steel precision 
trochar (Innovative Research of America, Toledo, Ohio). These pellets 
deliver horm one w ithout the stress of repeated injections, or the peaks and 
valleys associated w ith  injections; . Control rats received a placebo pellet 
w hich contains all the com ponents of the horm one pellet except the active
ingred ien t itself. The carrier-hinder com pounds of the m atrix include 
cholesterol, lactose, celluloses, phosphates and stearates. The rats w ere 
anesthetized w ith  an intram uscular injection of a m ixture of 10 m g /k g  
xylazine and 50 m g /k g  ketam ine hydrochloride. W hen the rats no longer 
responded  to stim uli (toe pinch), blood was d raw n from  the tail vein to 
determ ine pretreatm ent levels of E2 (Hurw itz, 1978). A n area on the anterior 
surface of the anim al at the base of the cervical vertebrae, betw een the 
scapulae w as shaved and sterilized w ith alcohol and betadine. A n incision 
w as m ade through  the skin w ith  a scalpel; the trochar was then  inserted into 
the subcutaneous space w here the pellet w as dispensed. The w ound was 
closed w ith  a single stitch and treated w ith  an aerosol antibiotic. The animals 
were closely m onitored during  the recovery from the surgical procedure.
Exercise protocol
U ntrained rats w ere used since exercise training reduces the am ount of 
enzym e release and m orphological dam age (Arm strong et. al., 1983; Van der 
M eulen et. al., 1991; N ew ham  et. al., 1987) At the end of the three week 
horm one treatm ent the rats w ere exercised eccentrically in order to create 
stereotypical u ltrastructural skeletal m uscle dam age. A rodent treadm ill 
pow ered by a variable speed drill was used to exercise the rats (see Figure 3). 
Eccentric exercise is m ost successful in creating muscle dam age, therefore an 
dow nhill grade of 10° (-17%) w as used. D uring the first few m inutes of 
runn ing  the speed was increased gradually to start the anim als running. The
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anim als exercised for 1 hour at a speed of 19 m  m in . The literature indicates 
that the m etabolic cost of this w orkload enables the anim als to com plete the 
test, and  that lactate levels w ill not rise at this w orkload (Am elink and Bar, 
1986).
Blood sam pling
Blood sam ples w ere taken in  order to quantify creatine kinase activity and E2 
levels. Blood sam ples w ere obtained by tem porarily anesthetizing the anim al 
w ith  the inhalant isoflurane, and using a 25 gauge needle w ith a 1 cc syringe 
to extract blood from  the tail vein (Hurwitz, 1978) (see Figure 4). E2 was 
m onitored twice: first on the day of horm one pellet im plant to determ ine 
pre-treatm ent levels, and again at the end of the three w eek treatm ent period 
to determ ine post-treatm ent levels. The E2 change during  this three week 
period w as determ ined in order to ensure physiological levels of -500 
p m o l/L , and also a large experim ental/control ratio. Estradiol levels were 
m onitored  using a com m ercial radioim m unoassay kit from  Diagnostics 
Products Corporation (Los Angeles, CA). Serum w as m ixed w ith I labeled 
E2 w hich then competes for antibody sites in antibody coated tubes.
Separation of bound and  free is achieved by decanting the tubes. The tubes 
are then  counted in  a gam m a counter, the counts being inversely related to 
the am ount of E2 present in  the serum  sample. The sensitivity of this assay is 
>29.4 p m o l/L  (8 pg /m l).
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Serum  sam ples for creatine kinase activity w ere taken from  all rats 
previous to exercise, and at 0, 2, 6, 12, 24, and 48 hours post. Creatine kinase 
activity w as m onitored in the serum  by using a commercial enzym atic Sigma 
assay kit (Sigma Diagnostics, St. Louis, Mo.). Serum CK activity was linked to 
N A DH  production and absorbance m easured at 340 nm  using a Spectronic 401 
spectrophotom eter (Milton Roy Co., Rochester, N.Y.).
M icroscopy
Rats w ere sacrificed by carbon dioxide saturation and cervical dislocation at 48 
hrs post exercise. The soleus muscle w as chosen for microscopy since it 
sustains the m ajority of eccentric contractions during  dow nhill exercise and 
has been show n to develop structural dam age following this m ode of exercise 
(Arm strong et. al., 1983; Van der M eulen et. al., 1991). The distal regions of 
the soleus m uscles have been found to contain m ore areas of d isruption 
com pared to the proxim al portion  of the muscle, therefore this was used in 
both  the light m icroscopy (LM) and transm ission electron microscopy (EM) 
(Ogilvie et. al., 1988). The belly region of the soleus was also prepared  for 
microscopy for com parison. The soleus muscle w as im m ediately dissected; 
-1 .5  m m  by -3  m m  sam ples from the distal and belly regions w ere placed in 
fixative (2.5% glutaraldehyde in a 0.1 M sodium  phosphate, 4% sucrose buffer 
at pH  7.2-7A). Samples were fixed overnight and then rem oved into 0.1 M 
sodium  phosphate buffer pH  7.2-7A. Samples were rinsed at least two times 
before preceding w ith  em bedding. Post fixation was done in 1% osm ium
37
tetroxide in water. D ehydration of samples was com pleted in a series of 
alcohol steps up  to 100% EtOH. Samples w ere oriented longitudinally  and 
em bedded in  Poly-Bed 812 (Polysciences, Inc.). Thick sections (1 |im ) for LM 
w ere obtained using a glass knife, w hile thin sections for TEM w ere obtained 
using a D iatom e diam ond knife using a Sorval MX 500 ultram icrotom e.
Thin sections were recovered on copper/ pallad ium  grids. LM sections were 
stained w ith  toluidine blue, w hile the TEM sections were stained w ith  uranyl 
acetate and lead citrate. LM was done on an O lym pus microscope. TEM was 
com pleted w ith  a H itachi 7100.
Research Design and Statistical Procedures
Only the dependen t variables associated w ith the m ain hypotheses were 
analyzed. M icroscopy data were analyzed for descriptive purposes only to 
better explain the variation in creatine kinase relative to circulating E2. All 
E2 and CK data were analyzed using a priori planned com parisons to 
determ ine the differences betw een cell means. All analyses were tested at the 
p<0.05 level.
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ABSTRACT
The m echanism s that tie the descriptive param eters associated w ith 
delayed onset m uscle soreness (DOMS), including an increase in  serum  
creatine kinase (CK) activity, and subsequent dam age to the contractile 
filam ents of the m yofibrils rem ain unknow n. Females exhibit a low er serum  
CK activity post-exercise com pared to males, this w as later show n to be the 
effect of the female sex horm one estradiol (E2). The effects of E2 on CK 
release and muscle dam age was assessed in female rats following eccentric 
treadm ill exercise. Female rats were ovariectom ized p rior to sexual m aturity  
and treated w ith  an E2 (n=5) or placebo (n=4) pellet insert for 21 days prior to 
the exercise bout. Exercise consisted of one hour of dow nhill (-10°) treadm ill 
running at a speed of 19 m m i n \  Serum  sam ples for CK activity w ere 
obtained at pre, 0, 2, 6, 12, 24, and 48 hours post-exercise. The soleus muscle 
was prepared  for light and electron microscopy 48 hours post-exercise. CK 
release in  the placebo rats was significantly (p<.05) greater than  pre CK levels 
at times 0, 2, 6, and 24 hours, w ith the peak response occurring at time 0. CK 
release in  E2 rats w as significant at time 0, and 2 hours post, w ith  the peak 
response at 2 hours. Placebo rats exhibited greater CK activities at all time 
points except for 2 hours post-exercise. Microscopic dam age was only located 
in two placebo treated animals, therefore it is difficult to speculate as to the 
precise protective m echanism s of E2. The effects of E2 seem to be lim ited to 
CK release and  not directly related to that of myofibril damage.
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Exercise for w hich our muscles are unaccustom ed can result in 
soreness, d isrup tion  of muscle fibers, an increase in the circulating levels of 
m uscle enzym es, and changes in voluntary strength and  contractile 
properties (8, 9,13, 17,19, 21, 26, 27, 28, 29, 30, 32). A num ber of descriptive 
studies have been com pleted on delayed onset muscle soreness (DOMS) and 
its param eters (13,17, 19, 21, 27, 28, 29, 30). Damage to the sarcolemma results 
in leakage of sarcoplasm ic enzymes into serum . The release of creatine 
kinase (CK) into serum  is a know n response to muscle traum a (20, 23, 27, 28, 
34). Histological dam age to the contractile filaments is thought to be a 
contributing factor to DOMS (17, 19, 29). D isruptions to the regular pattern of 
the sarcom eres in the form  of A band  w idening or Z line stream ing 
contribute to the loss of contractile strength during  DOMS (6, 17, 30, 35). The 
relationship betw een these descriptive indices rem ains unclear. It has yet to 
be described how  these param eters relate, and which mechanistic details they 
share.
Several factors contribute to DOMS and enzym e release: duration  (28, 
37,), m ode of exercise (7, 14,11, 18,19, 32), training (11, 13,16, 17, 29), and 
gender (1, 2, 3, 34, 35, 37). Enzyme release is a direct m easure of sarcolemma 
dam age, therefore, as exercise time increases the am ount of CK release tends 
to rise disproportionally  (28, 37). Eccentric contractions are associated w ith 
increased muscle dam age and subsequent enzyme release (7, 11, 14, 18, 19, 32). 
A lthough the m etabolic cost of eccentric contractions is less than concentric, 
the m echanical force is greater (11, 18). N ew ham  et. al., (29) found that fewer
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m otor units w ere recruited during  eccentric exercise to exert large forces, 
resulting in  a large force per fiber ratio. These large forces per fiber result in 
extrem e in tram uscular pressure exerted on the sarcolem m a and may 
influence patterns of enzyme release. The 'train ing  effect' is a reduction in 
CK release and DOMS during  subsequent bouts of sim ilar eccentric exercise. 
This training effect can be observed after only a single bout of exercise (11, 13, 
16, 17, 29). A num ber of postulates have been suggested for this effect, yet the 
m echanism  rem ains unclear.
One of the m ore interesting factors affecting sarcolemm a disruption, 
and thus enzym e release, is gender. Research indicates that females are 
subject to m uch low er basal levels and exercise-induced levels of CK release 
(34, 36, 37). It was later discovered that this gender difference resulted from 
skeletal muscle exposure to estradiol, one of the female estrogens (1, 2, 3, 12). 
Estradiol appears to 'protect' the muscle from  enzym e release during  
eccentrically balanced exercise. This relationship has also been observed 
w hen m ale rats were treated w ith  estradiol over 21 days (12). Similarly, the 
muscle rem ained 'p ro tected ' after treatm ent in an in vitro  model, 
elim inating central nervous system  effects, differences in clearance by the 
liver, or effects of circulating estradiol (3). W hat rem ains to be show n is how 
this p ro tected ' sarcolem m a translates to the skeletal muscle architecture. 
There seem  to be two possibilities: estradiol protects the sarcolemma, and by 
doing so also protects the contractile filaments, or the sarcolemm a integrity is 
unrela ted  to any resulting ultrastuctural dam age. Previous w ork by Am elink
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et. al., (4, 5) suggested that females incur a lower CK response and a lower 
incidence of m uscle dam age post-exercise. Others, in  contrast, suggest that 
m ales and  females incur the same am ount of muscle dam age, bu t that 
females have a suppressed CK response post-exercise. (7, 37).
The purpose of this study is to establish a mechanistic link between 
sarcolem m a disruption, and thus enzym e release, w ith  actual dam age to the 
skeletal m uscle architecture.
METHODS
A nim als. Female Spraque Dawley rats (Simonsen D istributors, Bozeman,
MT) ovariectom ized before sexual m aturity (25 days old) were used in all the 
experim ents. These anim als produce no natural E2 yet possessed the ability to 
respond to E2 transcriptionally. This may be im portant since it is suspected 
that E2 im poses an upregulation  in protein synthesis in  the muscle cell. Rats 
w ere obtained at 6 weeks of age. One week was allowed for the rats to become 
accustom ed to their surroundings prior to horm one or placebo pellet 
im plantation. A w eight record was initiated im m ediately in  o rder to m onitor 
w eight gain and to assist health  m onitoring. W eight gain and loss during 
horm one treatm ent w as also m onitored. Rats w ere given food and w ater a d 
lib itu m .. A nim als w ere housed in an NIH approved facility at the University 
of M ontana, and  m aintained in accordance w ith  the M edicine and Science in 
Sports and Exercise policy statem ent (6).
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H orm one replacem ent. Three weeks prior to the exercise trial, rats were 
subcutaneously im planted w ith  176-estradiol containing pellets (0.05 
m g p e lle t \  3 w eek release) (experimental group), or placebo pellets (control 
group) using  a stainless steel precision trochar (Innovative Research of 
America, Toledo, Ohio). These pellets deliver horm one w ithout the stress of 
repeated injections, or the dram atic fluctuation in  circulating horm one as a 
result of daily injections. Control rats received a placebo pellet w hich 
contains all the com ponents of the horm one pellet except the active 
ingredient itself. Rats w ere anesthetized w ith  an in tram uscular injection of a 
m ixture of 10 m gkg^ xylazine and 50 m gkg^ ketam ine hydrochloride. Blood 
was d raw n  from  a lateral tail vein to determ ine pretreatm ent levels of 
circulating E2 (22). A n area on the anterior surface of the anim al at the base of 
the cervical vertebrae, betw een the scapulae was shaved and  sterilized w ith 
alcohol and betadine. A sm all incision was m ade through the skin w ith  a 
scalpel; the trochar was then inserted into the subcutaneous space w here the 
pellet w as dispensed. The w ound was closed w ith  a single stitch and treated 
w ith  an  aerosol antibiotic. Each anim al w as closely m onitored during  
recovery from  surgery.
Exercise protocol. U ntrained rats were used since exercise training has been 
show n to reduce the am ount of enzym e release and m orphological dam age 
(8, 29, 37). Eccentric exercise is most successful in creating muscle dam age, 
therefore an dow nhill grade of 10° (-17%) was used. A rodent treadm ill 
pow ered by a variable speed drill and controlled w ith a voltm eter was used to
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exercise the rats. D uring the first few m inutes of running  the speed was 
gradually  increased to fam iliarize the anim als w ith running. The anim als 
exercised for 60 m in at a speed of 19 m m i n \  Previous data has dem onstrated 
that the m etabolic cost of this w orkload enables the anim als to complete the 
60 m in w ithout a significant increase in blood lactate levels (2).
Blood sam pling. Blood sam ples w ere obtained by tem porarily anesthetizing 
the anim al w ith  an  inhalant, isoflurane. A 25 gauge needle w as inserted into 
the lateral tail vein to obtain ~400 ti\ of whole blood (22). Samples were 
allow ed 30 m in to clot, they w ere then spun (3000 rev m in  ̂  at 20°C) to extract 
serum . Serum  w as stored at -30°C for subsequent enzyme assays. E2 was 
m onitored twice: first on the day of horm one pellet im plant to determ ine 
pre-treatm ent levels, and again at the end of the three w eek treatm ent period 
to determ ine post-treatm ent levels. Serum  E2 levels w ere m onitored using a 
com mercial radioim m unoassay kit (Coat a Count) from  Diagnostics Products 
Corporation (Los Angeles, CA), w ith a sensitivity of + 29 pm ol L^ (8 p g m l  )̂. 
Serum  sam ples for creatine kinase activity w ere taken from  all rats previous 
to exercise, and at 0, 2, 6, 12, 24, and 48 hours post. Creatine kinase activity 
w as m onitored in  the serum  by using a commercial enzymatic Sigma assay 
kit (Sigma Diagnostics, St. Louis, Mo.). Serum CK activity was linked to 
N A DH  production  and the increase in absorbance m easured at 340 run using 
a Spectronic 401 spectrophotom eter (Milton Roy Co., Rochester, N.Y.). 
M icroscopy. Rats were sacrificed by carbon dioxide saturation and cervical 
dislocation at 48 hrs post-exercise. The distal soleus muscle was chosen for
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microscopy since it sustains the majority of eccentric contractions during  
dow nhill runn ing  and has been show n to develop structural dam age 
following treadm ill exercise (7, 30, 37). The belly region of the soleus was also 
prepared  for m icroscopy for purposes of comparison. The soleus muscle was 
im m ediately dissected; -1 .5  m m  by -3  m m  sam ples from  the distal and belly 
regions were placed in  fixative (2.5% glutaraldehyde in a 0.1 M sodium  
phosphate, 4% sucrose buffer at pH  7.2-7A). Samples w ere fixed overnight 
and then rem oved into 0.1 M sodium  phosphate buffer pH  7.2-7A. Samples 
were rinsed at least tw o times w ith buffer before preceding. Post fixation was 
done in  1% osm ium  tetroxide in water. D ehydration of sam ples was 
com pleted in a series of alcohol steps up  to 100% EtOH. Samples were 
oriented longitudinally and em bedded in Poly-Bed 812 (Polysciences. Inc.). 
Thick sections (1 iim) for LM were obtained using a glass knife, w hile thin 
sections for TEM w ere obtained using a Diatome diam ond knife using a 
Sorval MT 500 ultram icrotom e. Thin sections w ere recovered on 
copper/ pallad ium  grids. LM sections were stained w ith toluidine blue, while 
the TEM sections were stained w ith uranyl acetate and lead citrate. LM was 
done on an  O lym pus microscope. TEM was com pleted w ith a H itachi 7100. 
Research D esign and  Statistical Procedures. All data were analyzed using 
apriori p lanned  com parisons to determ ine the differences betw een cell 
means. A ll analyses were tested at the p<0.05 level.
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RESULTS
Post trea tm en t w eigh t changes. Before horm one im plantation w eights were 
not significantly different betw een the groups, 234.8 + 11.0 g and 236.0 + 13.1 g 
for the E2 and  placebo groups respectively (p=0.67). Im m ediately after pellet 
im plantation the E2 rats began losing weight, w hereas placebo rats continued 
to gain w eight at a previously determ ined norm al rate of -20 g w eek . The 
anim als all appeared  to be in good health and expressed no lethargy or 
apparent behavior change as a result of the w eight change. A t the end of the 
21 day treatm ent period  the placebo rats were significantly heavier than the E2 
treated rats, 290.2 +_ 19.4 g and 223.2 + 9.2 g respectively (p—0.0001). Over the 21 
day treatm ent period, the placebo group show ed a net gain in body weight of 
+54.2 g, w hereas the E2 treated rats showed a net loss of -11.6 g.
C irculating E2. Serum  E2 levels were determ ined pre and post horm one 
treatm ent for both groups (Table 3). The ovariectom ized female rats prior to 
E2 treatm ent exhibited no detectable concentrations of circulating E2. 
Following the 21 day treatm ent period, the placebo group still had no 
detectable E2 concentration. How ever, the E2 treatm ent group had 
significantly higher serum  levels of E2 com pared to placebo, 784.8 + 164.3 
p m o lH  vs <29.4 pm ol T̂  (p=0.0001). These horm onally m anipulated 
circulating levels are com parable to previously reported serum  E2 levels in 
rats by another investigator using sim ilar delivery (12). These levels were 
also sim ilar to the circulating E2 concentrations during  the luteal phase in a 
norm al, ovulating fem ale rat (3).
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Post-exercise CK release. Samples for serum  CK activity w ere obtained prior 
to exercise, im m ediately following, and at 2, 6, 12, 24, and 48 hours post­
exercise (Figure 2). Activities were norm alized to 30° C. Serum  CK activity 
was not significantly different prior to the exercise trial (p=0.50). However, 
im m ediately post-exercise, the placebo group experienced a near three fold 
increase in CK activity. In contrast, the E2 treatm ent group expressed nearly a 
two fold increase in CK activity. The E2 group continued to rise, reaching a 
peak at 2 hours post-exercise. The E2 group then expressed a dram atic return  
to baseline levels of CK. Significant elevations above baseline w ere observed 
at only 0, and  2 hours post-exercise in  the E2 treated rats. In contrast, the 
placebo group exhibited significantly greater activities over pre-exercise 
values at tim e points, 0, 2, 6, and 24 hours post. This may be an indication of 
a later peak in the placebo group as noted in other investigations using 
exercise w ith  a large eccentric com ponent in rats (2, 3, 7, 12, 37).
S tructural Damage. Lim ited evidence of contractile filam ent dam age of the 
soleus muscle w as observed under light and electron microscopy. 
Stereotypical exam ples of A band disruptions and Z-line stream ing were 
found in only two rats w ithin the placebo group (see Figure 5 & 6). The 
evidence of the m yofibrilar dam age d id  not appear proportional to the release 
patterns of CK. This supports the observations of other investigators that 
suggest that CK release is not linked directly to histological skeletal muscle 
dam age (7, 33, 37).
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DISCUSSION
Post trea tm ent w eigh t changes. The differences in mass and muscle surface 
area betw een gender has been controlled for by other investigators and found 
to have no effect on the am ount of post-exercise CK release (2, 4). Am elink et. 
al., (2) also show ed that the presence of E2 does not effect the expression of CK 
enzym e in the skeletal muscle, and that this same skeletal m uscle CK is 
responsible for the post-exercise increase in the serum . This shows that the 
difference in  w eight brought on by the E2 treatm ent is not causing an indirect 
effect on CK release confusing the m echanism  of protection at the 
sarcolem m a.
The w eight changes brought on by the horm one treatm ent is 
interesting and m ay affect the m etabolism  of the animal. Some studies have 
show n that gender, and subsequently E2, appear to affect substrate utilization 
at rest and  exercise in both hum ans and rats (for review see 31). It is 
suggested that the presence of E2 increases lipolysis and thus preferentially fat 
is used as a energy substrate. However, this w ould not necessarily result in a 
net w eight loss due to the density of the lean body mass component. The 
w eight loss experienced by the rats must, at least in part, be explained by a loss 
in lean mass, and  therefore low er basal metabolic rate. It may also result 
from  a suppressed  appetite, w hich may result in an increased degree of 
pro tein  catabolism. Level of activity can also affect lean body mass. However, 
it is difficult to make any assum ptions since energy intake and production 
w ere not m easured in  this study. It is even more difficult to explain since the
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anim als began losing w eight almost im m ediately. The above suggested 
explanations w ould be chronic, yet the E2 treated rats show ed w eight losses of 
-7  g after only three days. E2 has w ide ranging effects on both target and 
nontarget tissues. The results presented here provide fodder for future 
investigations on the effects of E2 on metabolism.
Circulating EZ Bar et. al., (12) also used crystalline pellets prom oting similar 
levels of circulating E2. Repeated subcutaneous injections w ere used in the 
other studies involving horm onal m anipulation (3, 24). Bar et. al., (12), using 
their sim ilar pellet m ode of E2 delivery, reported a m ean of 1048 + 499 
p m o lL   ̂ for circulating serum  E2 (n=15). They also reported undetectable 
levels of E2 in  ovariectom ized female rats (<10 pmolL^). This is very 
com parable to the results from  this study, considering the large standard 
deviations reported  for both  studies. A m elink and Bar, (1) m easured serum  
E2 levels in  both  ovariectom ized female rats, and intact females. The 
ovariectom ized rats show ed <30 pm olL  ̂  of circulating E2, whereas the 
norm al cycling females had  levels ranging from 110.2 to 1101.7 pm olL  \  
Post-exercise CK release. Previous investigators have show n sim ilar CK 
responses to eccentric exercise in ovariectom ized female or m ale rats, an 
im m ediate peak post-exercise, w hich is then followed by a latent rise in 
serum  enzym e activity (1, 2, 3, 7, 12, 37). O ur study does differ w ith some in 
that w e w ere able to induce a post-exercise peak in  E2 treated animals. Clearly 
E2 has an effect on CK release; the response is both delayed and lessened by an 
E2 induced  m echanism . Also, the am ount of tim e spent above pre-exercise
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levels is reduced in  E2 treated rats, thus abolishing the latent rise in activity. 
This is in  contrast to the initial study by Am elink and Bar, (1) w hich showed 
no post-exercise rise in CK in horm onally m anipulated rats. H ow ever, in an 
in vitro  m odel, females d id  show a dim inished rise in  CK in response to 
electrical stim ulation (3). Therefore, in  conjunction w ith  other studies, it is 
suggested that females have an affected CK release mechanism , and that its 
m essenger of change is related to circulating E2 (34, 35, 36, 37).
A num ber of issues arise to explain the delayed CK peak show n in the 
E2 treated rats. The m ethod and am ount of horm one delivery m ay effect the 
protective m echanism  E2 influences on the sarcolemma. In fact it has been 
found that a large dose of E2 24 hours prior to exercise was less effective in 
reducing post-exercise CK release (3, 12). The largest reduction in CK release 
has been seen after 21 days of horm onal treatm ent (1, 3, 12, 24). This indicates 
a possible effect of E2 on the expression of a protein w hich then m ay cause the 
sarcolem m a to be less vulnerable to dam age. The m ediator of such a 
m echanism  m ay include the E2 receptor found in target tissues such as the 
ovaries, u terus and other sex organs. However, this receptor has also been 
isolated in  male and female skeletal muscle (15). Current investigations as to 
the role of E2 receptor on sarcolem m a protection are being completed. W ith 
such a m echanism  in m ind it is possible that the am ount of circulating E2 
m ay effect protection of the sarcolemma. As indicated above, how ever, the 
rats in this study exhibited circulating levels of E2 sim ilar to those previously 
reported  (12). Of physiological im portance, horm one levels in the present
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study  w ere sim ilar to that of a norm al ovulating female rat (2). It w as also 
considered that the delivered 176-estradiol m ay be mechanistically inferior to 
that of naturally  occurring E2 in its ability to protect the sarcolemma. 
H ow ever, this possibility w as elim inated for two reasons: Bar et. al., (12) used 
sim ilar pellets and show ed a negligible post-exercise CK response. Also, the 
assay used in  this study has low cross reactivity w ith other naturally  occurring 
steroid horm one derivatives. Therefore, it is unlikely that the process of 
horm onal m anipulation  was the cause of the delayed peak observed in  the E2 
treated  anim als.
A nother explanation for this previously unobserved phenom ena is the 
type of exercise used to induce damage. The exercise may have been so severe 
as to override the protective m echanism  induced by E2. Indeed, it was 
necessary to encourage the naive rats to complete the exercise bout. This is 
not unusual how ever, and in fact previous investigators have used an 
electric shock to keep the animals running (2, 7, 37). In our study 200-300 g 
rats ran  at 19 m m i n ^  for 60 m in dow n a 10° grade. A rm strong et. al., (7) ran 
their 400-500 g rats for 90 m in at 16 m m i n ^  dow n a 16° decline. Van der 
M eulen et. al., (37) ran  rats for 2.5 hours at 30 m m i n ^  on a 10° incline, 
increasing the m etabolic cost significantly. In studies involving horm onal 
m anipulation , 19 m m i n ^  for 2 hrs w ith 0° grade has also been used (1, 2, 12). 
Considering the exercise protocols in these studies it is difficult to conclude 
that the present protocol w as so severe as to override the protective effects of 
E2.
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The delayed peak in CK release seen in this study m ay be m ainly a 
function of the post-exercise sam pling intervals (see Figure 1). Several 
studies using  rats observed a dim inished rise in CK in females, yet obtained 
few er sam ples at different time points (2, 12). This m ay have caused the 
investigators to 'm iss' the post-exercise CK peak, since it seems to spend less 
tim e elevated above baseline as seen in  the experim ental group of this study. 
O ther investigators have observed a rise in the CK response of females that is 
lower, or tem porally variant from  that of males (23, 33, 34, 37). Am elink et. 
al., (3) in  an  in vitro female rat m odel show ed a dim inished yet significant 
rise in  CK post-electrical stim ulation. This may suggest a m echanism  
induced by E2 that delays the CK response to exercise, and hastens the return  
to baseline levels. The speculation of such an observation can be confusing. 
One m ay conclude that recovery from  an exercise bout may be hastened, yet it 
is necessary that plasm a infiltrates such as m acrophages and lym phocytes 
invade the m uscle in order to initiate dam age repair (8, 9). Van der M eulen 
et. al., (37) also suggest that CK clearance may be partly responsible for the 
d im inished response to exercise in females. This m odel fits the data 
presented here in that the CK response is both slowed and precipitates the 
re tu rn  to pre-exercise levels. This cannot fully explain the gender difference 
in CK response since it is m aintained in  an in vitro  m odel, w hich rem oves 
the effect of clearance by the hepatic portal system (3, 24). It may also be 
possible that sarcolem m a integrity may be partly responsible for a reduction 
in  overall p ro te in  tu rnover and thus hypertrophy observed in females.
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H ow ever, from  the addition  of this data, it can be established that the 
m echanism  of CK release is altered in  the presence of E2.
S tructural D am age. The effects of E2 on histological dam age rem ains unclear. 
It cannot be concluded that the m echanism  by w hich E2 effects CK release also 
effects the d isrup tion  of the contractile filaments. The post-exercise CK 
response w as significantly greater for both groups all rats, yet dam age to the 
soleus m uscle w as noted only in  small areas of tw o of the rats from  the 
placebo group. Clearly, histological exam ination all the involved muscles in 
the eccentric exercise is impossible. A representative sam ple is necessary 
m aking quantification difficult. Systematic exam ination of the distal and 
belly regions of the soleus muscle w as m ade and no clear trends in  muscle 
dam age w ere observed for either group.
The lack of evidence for histological dam age in  the presence of a large 
CK response is not unusual. O ther investigators have m ade note of a low 
level o r lack of histological evidence following an exercise bout (4, 7, 37).
The lack of evidence in this study for a direct link betw een CK release and 
muscle dam age is supported by others (7, 23, 25, 27, 37). Arm strong et. al. (7) 
w ere successful at creating a large CK response w ith an estim ated fiber 
dam age of less than  5%. Van der M eulen et. al., (37) found a m uch lower 
actual histological dam age w hen com pared w ith  an estim ated am ount of 
m uscle dam age from  the CK release. This study is further evidence that CK 
release is not directly proportional to histological dam age, and therefore is a 
inconsistent and  questionable m arker for skeletal m uscle dam age. It is also
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possible that E2 m ay independently  affect the sarcolem m a integrity and the 
contractile filam ental dam age. This m echanistic link rem ains to be m ade, yet 
E2 m ay be the em issary of this discovery.
G ender com parisons of histological dam age rem ain unclear. Am elink 
et. al., (5) has reported a gender difference in post-exercise induced muscle 
dam age. They suggest that females are protected by the same E2 induced 
m echanism  w hich  affects CK release. Van der M eulen et. al., (37) how ever 
found no histological difference betw een genders, but d id  show  a difference in 
CK release. The present study shows a difference in enzym e release, bu t an 
unclear difference in muscle dam age corresponding to circulating levels of E2. 
This suggests that sarcolem m a perm eability and contractile fiber dam age are 
two separate m echanism s, both influenced by exercise w ith  no established 
direct m echanistic link.
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